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We report superconductivity in the novel 112-type iron-based compound Ca1−xLaxFeAs2.
Single-crystal X-ray diffraction analysis revealed that the compound crystallizes in a mon-
oclinic structure (space group P21), in which Fe2As2 layers alternate with Ca2As2 spacer
layers such that monovalent arsenic forms zigzag chains. Superconductivity with a transition
temperature (Tc) of 34 K was observed for the x = 0.1 sample, while the x = 0.21 sample ex-
hibited trace superconductivity at 45 K. First-principles band calculations demonstrated the
presence of almost cylindrical Fermi surfaces, favorable for the high Tc in La-doped CaFeAs2.
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Since the discovery of superconductivity with a transition temperature (Tc) of 26 K in
LaFeAsO1−xFx,
1 there has been tremendous effort towards synthesizing novel iron pnictide
superconductors.2–14 All of the iron pnictide superconductors identified so far consist of a
common structural motif, i.e., Fe2As2 layers that are alternately stacked with various kinds
of spacer layers. Therefore, the central goal for realizing a higher Tc has been finding a novel
spacer layer that can suitably tune the electronic states of Fe2As2 layers.
Recently, superconductivity has been discovered in Ca10(PtnAs8)(Fe2−xPtxAs2)5, which
consists of As-As dimers with a formal electron count of As2− in the spacer layer.15–18 Because
of the 4p3 electron configuration of elemental arsenic, arsenic can form various bonding struc-
tures: (i) Isolated arsenic with a formal electron count of As3−. Examples include A3As (A
= Li, Na, and K) and iron-based superconductors. (ii) Dimerized As-As with a single bond.
Its formal electron count is As2−. Sr2As2 and Ca10(PtnAs8)(Fe2−xPtxAs2)5 with As-As dimer
bonds in the spacer layer can be categorized here. (iii) A one-dimensional chain connected by
arsenic single bonds with a formal electron count of As−. This category includes KAs as an
example. Realizing novel iron-based superconductors with spacer layers composed of complex
bonding networks of arsenic such as (iii) has been a longstanding challenge: Shim et al. have
theoretically proposed the hypothetical compound BaFeAs2 (112-type) with spacer layers of
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the arsenic square network, and suggested that such compounds can be used to examine the
role of charge and polarization fluctuations as well as the importance of two-dimensionality in
the mechanism of superconductivity.19 Although the 112-type iron pnictides AEFeAs2 (AE
= Ca, Sr, Ba) have not yet been synthesized, the isostructural compounds RETAs2 (RE =
rare-earth elements; T = Cu, Ag, Au) have been studied intensively.20, 21
In this letter, we present a report on the novel 112-type iron-based superconductor
Ca1−xLaxFeAs2. Although pure CaFeAs2 was not obtained, we found that the substitution of
a small amount of La for Ca stabilizes the 112 phase. Thus, Ca1−xLaxFeAs2 was synthesized
for the first time. Single-crystal X-ray diffraction analysis revealed that the compound consists
of arsenic zigzag bond layers that are composed of arsenic single bonds with a formal electron
count of As−. This is the first example of an iron-based superconductor belonging to the mon-
oclinic space group P21 (No. 4). Magnetization measurements demonstrate the emergence of
bulk superconductivity at 34 K in Ca1−xLaxFeAs2 with a nominal composition of x = 0.10.
Moreover, resistivity measurements revealed trace superconductivity at 45 K for a nominal
composition of x = 0.20, suggesting the possible increase in Tc in this compound. Furthermore,
first-principles band calculations demonstrated that the overall appearance of the Fermi sur-
face is similar to those of 1111-type compounds,22, 23 which exhibit high-Tc superconductivity
with the suitable tuning of electronic states using chemical methods.14
Single crystals of Ca1−xLaxFeAs2 with nominal compositions of x = 0.10 and 0.21 were
grown by heating a mixture of Ca, La, FeAs, and As powders. A mixture having a ratio of
Ca:La:FeAs:As = 1−x:x:1.14:0.99 was placed in an aluminum crucible and sealed in an evac-
uated quartz tube. The preparation was carried out in a glove box filled with argon gas. The
ampules were heated at 700 ◦C for 3 h, slowly heated to 1100 ◦C, and cooled to 1050 ◦C at
a rate of 1.25 ◦C/h, followed by furnace cooling. Single-crystal X-ray diffraction experiments
were performed at SPring-8 BL02B1 (Hyogo, Japan). Single crystals with a typical dimen-
sions of 30 × 30 × 10 µm3 were used for the BL02B1 experiment. The X-ray wavelength
was 0.52 A˚. The lattice parameters obtained and the refined conditions are summarized in
Table I. In order to obtain a charge density map using the maximum entropy method (MEM),
synchrotron X-ray diffraction data with a reliability factor of 2.06% in the resolution range
of d ≥ 0.30 A˚ was used. The chemical compositions were analyzed by energy-dispersive X-
ray spectrometry (EDS). Electrical resistivity ρab (parallel to the ab-plane) measurements
were carried out by a standard DC four-terminal method in a physical property measure-
ment system (Quantum Design PPMS). The magnetization M was measured using a SQUID
magnetometer (Quantum Design MPMS).
Single-crystal X-ray diffraction analysis revealed that Ca1−xLaxFeAs2 crystallizes in a
monoclinic structure with the space group P21 (No. 4), in contrast to conventional iron pnic-
tide superconductors belonging to tetragonal or orthorhombic space groups. High-temperature
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Fig. 1. (Color online) (a) Crystal structure of Ca1−xLaxFeAs2 with a monoclinic structure having
the space group P21 (♯4). Blue dotted lines indicate the unit cell. (b) Top view of the arsenic
zigzag chains. The unit cell contains two arsenic ions comprising the zigzag chains, which are
related by a 21 axis. Arsenic 3px and 3py orbitals are schematically shown. Orbital phases, which
are determined using the crystallographic symmetry operations of the space group, are depicted
using colors. The background color contour map shows the charge density distributions obtained
by synchrotron X-ray diffraction analysis. The contour lines are drawn from 0 to 1.25 e A˚−3 at
intervals of 0.2 e A˚−3.
X-ray diffraction experiments indicated that the monoclinic structure is stable up to 450 K.
As shown in Fig. 1(a), Ca1−xLaxFeAs2 consists of alternately stacked Fe2As2 and arsenic
layers. The distance between adjacent Fe2As2 layers is d ≃ 10.3 A˚, which is comparable to d
≃ 10 A˚ in Ca10(PtnAs8)(Fe2−xPtxAs2)5
15–18 and slightly larger than d ≃ 8.7 A˚ in LaFeAsO1
and d ≃ 9.0 A˚ in SrFeAsF.24 The presence of arsenic layers is the most notable feature in
the present structure. As shown in Fig. 1(b), the in-plane adjacent As-As distances can be
classified as short and long. The short As-As distance is approximately 2.53 A˚, which is almost
equal to the As-As single bond length of 2.52 A˚ in elemental As. Short As-As bonds form
one-dimensional zigzag chains along the b-axis, as shown in Fig. 1(b). The long As-As distance
is approximately 3.02 A˚, which corresponds to the interchain distance.
The presence of chemical bonds between short As-As bonds was confirmed in the MEM
charge density map obtained using synchrotron X-ray diffraction analysis. The color con-
tour map in Fig. 1(b) clearly shows the charge density distributions of regular zigzag arsenic
chains. In contrast, significant charge distributions are absent between interchain arsenic ions,
indicating the absence of chemical bonds between them.
The electrical resistivity and magnetization data revealed that Ca1−xLaxFeAs2 is a
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Table I. Data collection and refinement statistics for the synchrotron X-ray structure determination
of Ca1−xLaxFeAs2.
Ca1−xLaxFeAs2 100 K
Data Collection
Crystal System monoclinic
Space Group P21
a (A˚) 3.94710(10)
b (A˚) 3.87240(10)
c (A˚) 10.3210(7)
α, β, γ (◦) 90, 91.415(6), 90
Rmerge 0.0469
I / σ I >2
Completeness (%) 0.742
Redundancy 8.31
Refinement
Resolution (A˚) 0.30
No. of Reflections 2573
R1 0.0206
No. of Atoms 5
novel iron-based superconductor. As shown in Fig. 2(a), the electrical resistivity ρab of
Ca1−xLaxFeAs2 with a nominal composition of x = 0.10 (Ca0.84La0.16Fe1.03As2.37, as de-
termined from EDS) exhibits a sharp drop below 39 K, characteristic of a superconducting
transition. Zero resistivity is observed at 36 K, and the 10–90% transition width is estimated
to be 2.4 K. Bulk superconductivity in this sample was clearly demonstrated by the temper-
ature dependence of the magnetization M , as shown in Fig. 2(b). M(T ) exhibits diamagnetic
behavior below 34 K. The shielding volume fraction corresponds to 66% for perfect diamag-
netism.
Note that a phase with a higher Tc is suggested in the present compound. As
shown in Fig. 3(a), ρab(T ) for Ca1−xLaxFeAs2 with a nominal composition of x = 0.21
(Ca0.81La0.19Fe1.03As2.34, as determined from EDS) exhibits the onset of superconductivity
at 45 K, which is much higher than that of the sample with x = 0.10. The superconducting
transition is broad, and zero resistivity is observed at 25 K. This temperature of 25 K is con-
sistent with Tc determined from the magnetization; a visible diamagnetic signal is obtained
below 25 K, whereas no signal is observed at approximately 45 K, as shown in Fig. 3(b). The
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Table II. Crystallographic parameters of Ca1−xLaxFeAs2 with the space group P21 at 100 K for x =
0.195. The site occupancy, atomic coordinates, and thermal parameters of Ca(1) and La(1) were
refined. A crystal information file (CIF) of the crystal structure of CaxLa1−xFeAs2 derived by
analysis can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk. CCDC 961741 contains the crystallographic data for this paper.
Ca1−xLaxFeAs2 for x = 0.195
Atomic Position
Site Occupancy x/a y/b z/c
As(1) 1 0.70629(3) 0.25 0.504447(12)
As(2) 1 0.74134(3) 0.7497(3) 0.862554(12)
Fe(1) 1 0.74993(4) 0.2492(3) 0.001257(17)
Ca(1) 0.8055(17) 0.2272(3) 0.2448(4) 0.73154(13)
La(1) 0.1946(11) 0.2399(4) 0.2563(6) 0.72863(16)
trace superconductivity at 45 K suggests that the system still possesses a large potential for
the increase in Tc.
The present compound may be written as the chemical formula
(Ca2+1−xLa
3+
x )(Fe
2+
2 As
3−
2 )1/2As
−·xe− with an excess charge of xe− injected into the Fe2+2 As
3−
2
layers. Here, the arsenic zigzag bond layers are composed of As− ions with 4p4 electronic
states. Owing to the anisotropic crystal field around the arsenic ions, the threefold degeneracy
of the 4p orbitals of the As− ions should be inherently lifted. Although a large van der Waals
gap appears along the out-of-plane directions, the arsenic ions are closely packed along the
in-plane directions, resulting in a stabilized pz orbital with two electrons and destabilized
px and py orbitals with one unpaired electron. Because the px and py orbitals spread in the
in-plane directions with rectangular coordinates, we expect that the zigzag bonds are formed
by the chemical bond between adjacent arsenic atoms oriented by the px and py orbitals,
as shown in Fig. 1(b). The chemical bonds composed of zigzag chains were experimentally
observed in the charge density map obtained using MEM, as presented above.
Such complex arsenic network structures also appear in other 112-type layered arsenides
with the chemical formula LnTAs2 (Ln = lanthanide, T = Ag, Au).
21 Although the stacking
structure and orthorhombic space group of Pmcn (No. 62) are in sharp contrast to those
of the present Ca1−xLaxFeAs2, SmAuAs2 has a similar structural motif of Au2As2 layers
and arsenic zigzag bond layers. More remarkably, other types of arsenic networks can also be
realized. LaAgAs2, which crystallizes in the orthorhombic space group Pmca (No. 57), consists
of Ag2As2 layers and arsenic cis-trans chain layers. The arsenic cis-trans chain layers have not
yet been realized in iron-based superconductors to date, allowing us to take advantage of the
flexible network structures of arsenic according to the 4p3 electronic states which may provide
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Fig. 2. (Color online) (a) Temperature dependence of the electrical resistivity parallel to the ab-plane,
ρab, for Ca1−xLaxFeAs2 with a nominal composition of x = 0.10. The inset shows a magnified view
in the vicinity of the superconducting transition. (b) Temperature dependence of the magnetization
M measured at a magnetic field H of 30 Oe for Ca1−xLaxFeAs2 with a nominal composition of x
= 0.10 under zero-field cooling and field cooling.
further opportunities to discover novel iron-based superconductors.
Finally, we present first-principles calculations of the present Ca1−xLaxFeAs2 using the
WIEN2k package.25 For simplification, we performed the calculation for CaFeAs2 without
replacing Ca with La, although a La-free sample has not been experimentally synthesized.
The structural parameters in Table II were employed for the calculation. Looking at the
density of states, we observe a strong Fe-3d character located near the Fermi level. While
conventional iron-based superconductors crystallize in tetragonal or orthorhombic structures,
the present Ca1−xLaxFeAs2 belongs to the monoclinic space group P21. However, the β angle
is close to 90 deg, resulting in an almost cylindrical Fermi surface and the absence of significant
modifications by symmetry lowering, as shown in Fig. 4. The overall appearance is similar to
that of LaFeAsO22 and SrFeAsF,23 which exhibit high-Tc superconductivity with a transition
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Fig. 3. (Color online) (a) Temperature dependence of the electrical resistivity parallel to the ab-plane,
ρab, for Ca1−xLaxFeAs2 with nominal x = 0.21. The inset shows a magnified view in the vicinity
of the superconducting transition. (b) Temperature dependence of the magnetizationM measured
at a magnetic field H of 30 Oe for Ca1−xLaxFeAs2 with a nominal composition of x = 0.21 under
zero-field cooling and field cooling.
temperature of ∼ 55 K with the suitable tuning of electronic states using chemical methods.14
This similarity seems to be strongly related to the emergence of high-Tc superconductivity in
the present material. Moreover, our preliminary band calculation results also show that the
modification of the Fermi surface is small when substituting La for Ca, indicating that the
development of chemical methods of optimizing the carrier concentrations will increase the
superconducting transition temperature further.
In summary, we have discovered a novel 112-type iron pnictide superconductor,
Ca1−xLaxFeAs2, with arsenic zigzag bond layers. The sample with a nominal composition
of x = 0.10 exhibited bulk superconductivity at Tc = 34 K. Moreover, the sample with a
nominal composition of x = 0.21 exhibited the onset of trace superconductivity at Tc = 45 K.
First-principles calculations clearly indicated a cylindrical-like Fermi surface, which is similar
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Fig. 4. (Color online) Fermi surface of CaFeAs2 calculated using the WIEN2k package. Here, the
reciprocal coordinates for K1–K6 are, K1(0 0 0), K2(0 -0.5 0), K3(0.5 -0.5 0), K4(0.49558 -0.5
0.46800), K5(0 0 0.5), and K6(0 0 0).
to those of 1111-system superconductors such as LaFeAsO and SrFeAsF. We expect that the
optimization of the carrier concentration using chemical procedures will further increase Tc.
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